apsule'': Humic substances were demonstrated to play an important role in PAH persistence/binding in soils.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) represent a class of nonionic, poorly water-soluble, and toxic organic compounds which occur in environmental matrices due to natural causes such as forest ®res or anthropic processes such as urban and industrial activities.
Several factors aect the persistence of PAHs in the environment. Wilcock et al. (1996) reported that low molecular weight PAHs are rapidly lost from sediments, whereas the high molecular weight ones have larger persistence. Ghoshal and Luthy (1996) showed that a mechanism of mass transfer of aromatic hydrocarbons (in particular, naphthalene) is responsible of the rate of biomineralization of such contaminants in systems containing single coal tar globules. Gustafson and Dickhut (1995) showed that the concentration of hydrophobic PAHs in waters mainly depended on their hydrophobicity. PAHs hydrophobicity was used to reduce their concentration in contaminated aquifers (Lesage et al., 1995) . Addition of humic substances to contaminated aquifers enhanced the solubility of PAHs, and concentration of 800 mg l À1 of humic acids (HAs) resulted in a three-fold increase in PAH solubility.
Physico-chemical properties of soils have also been considered responsible of the retention of PAHs in soil matrices. The amount of organic carbon (Weissenfels et al., 1992) and the hydrophobicity of soil organic matter (Murphy et al., 1990) were estimated to be the most signi®cant parameters in decreasing the environmental availability of PAHs. Moreover, soil adsorption of PAHs was also found to increase with time of PAH residence in soil (Weissenfels et al., 1992) . Also, soil texture plays a role in soil adsorption of PAHs. In fact, it has been reported that higher PAH recovery eciencies were obtained from coarse-textured soils, whereas recovery was lower in ®ne-textured soils due to the increase of soil-reactive surfaces which facilitate PAH adsorption (Carmichael and Pfaender, 1997) .
The aim of this work was to evaluate the role of native and exogenous humic substances on the capacity of a soil to adsorb PAHs before and after complete mineralization of its organic matter content.
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Soil
A surface horizon (0±20 cm) of an agricultural soil classi®ed as Typic Xero¯uvent (USDA taxonomy) was sampled near Caserta (Italy). It was air-dried, passed through a 2-mm sieve, and divided in two fractions. One of these was treated with concentrated H 2 O 2 at 60 C until all OC was oxidized, washed extensively with water, air-dried and sieved again. The second fraction was used without modi®cation. The OC content was 1.2% for the untreated soil and 0.04% for the oxidized one.
HA extraction
HA was extracted from 200 g of a volcanic soil (Allic Fulvudand) from the caldera of Vico (Rome) with common procedures (Stevenson, 1994 ) using 500 ml of 1 M NaOH and 0.1M Na 4 P 2 O 7 solution. The extract was ®rst centrifuged at 4000 rpm for 30 min, and the supernatant was treated with 6 M HCl until pH 1 to precipitate HA. The latter was puri®ed by a series of dissolutions in 0.5 M NaOH followed by¯occulations in 6 M HCl. The HA was then shaken twice in a 0.25 M HCl/HF solution for 24 h, dialyzed against distilled water and freeze-dried.
HA and PAH addition to soil
Three rates (0.06, 0.12, and 0.18 g) of HA were dissolved in 30 ml of deionized water, mixed well with 40 g of either oxidized or non-oxidized soil, and air-dried for 60 days at room temperature. Additions of HA increased the soil organic matter content of samples by 0.15, 0.30, and 0.45%, respectively. A 100 ml of PAHs mixture (Standard Reference Material 1647C) was added to 5 g of soil samples treated with HA.
Extraction of PAHs from soils
After addition, 1.3 g of each sample were collected at three dierent time intervals (0 h, right after PAH addition, and 72 and 120 h after addition), mixed with 0.65 g of anhydrous sodium sulphate and homogenized in an agate mortar. PAHs were extracted from the homogenized mixture with 3 ml of cyclohexane under sonication at 40 C for 30 min. After 1 h of decantation, 1.5 ml of the supernatant was collected, ®ltered and evaporated under nitrogen. The residue was ®nally dissolved in 1 mL acetonitrile and analyzed by high-performance liquid chromatography (HPLC)/¯uorescence detection. Extractions of PAHs were made in triplicates and relative standard deviation on recovery eciencies never exceeded 3%. The octanol/water partition coecients of most of the PAHs used in this study are reported in Table 1 (Ozretich et al., 1995; Ne and Burns, 1996) .
HPLC¯uorescence detection
A Perkin-Elmer LC200 pump equipped with a 5 ml loop connected to a Rheodyne injector 7125, and with a Perkin-Elmer LS-3B Fluorescence Spectrometer was used. The¯uorescence detector was set with a time program, indicated in Table 2 , to vary the excitation/ emission wavelengths.
An Environsep-pp analytical column (250Â3 mm i.d.) from Phenomenex 1 was used to determine the PAHs extracted from all soil samples. The column response was calibrated by injecting 5 ml of the PAH Standard Reference Material 1647C. Column temperature was kept constant at 35 C. The¯ow rate was ®xed at 0.5 ml min À1 , and the following elution gradient was adopted for PAH analyses: Fig. 1 shows the recovery eciency of PAHs from the oxidized soil treated with increasing quantities of HA versus their octanol/water partition coecients. When soil organic matter (SOC) was increased by 0.15% (0.06 g of HA addition), the recovery eciencies measured at 0, 72, and 120 h of incubation time were highly correlated to the degree of hydrophobicity of PAHs and, hence, to Log(K ow ). Fig. 1a shows only slightly dierent recovery eciencies with increasing incubation time, whereas they gradually decreased with increasing PAH hydrophobicity.
Results and discussion

Eect of incubation time
Both hydrophobicity and incubation time aected the recovery eciencies of PAHs to a larger extent when larger amounts of HA were used to increase SOC. Fig. 1b and c shows that the recovery eciencies of PAH decreased substantially with increase in incubation time and with Log(K ow ).
PAH recovery eciencies from soil untreated with H 2 O 2 but still added with dierent rates of HA are shown in Fig.  2 . In the samples made 0.15% higher in OC by HA addition, recovery eciency decreased with enhancement of both incubation time and PAH hydrophobicity ( Fig.   Fig. 1 . Relation of octanol/water partition coecients (Log(K ow )) with recovery eciencies of polycyclic aromatic hydrocarbons (PAHs) from an oxidized soil added with (a) 0.06 g of humic acid (HA), (b) 0.12 g of HA, and (c) 0.18 g of HA. 2a). Conversely, Fig. 2b and c shows that, for samples added with higher amounts of HA, the recovery eciency decreased mainly with increasing of PAH hydrophobicity, whereas it was not signi®cantly dierent with incubation time. Karickho (1980) and Robinson et al. (1990) reported that a hydrophobic sorption mechanism is involved in the interactions between PAHs and soil matrices. This mechanism is based on two kinetically distinct processes. In a ®rst step, PAHs are rapidly adsorbed on soil hydrophobic surfaces by hydrophobic interactions. In the second step, there was a slow migration of hydrophobic PAHs to less accessible sites within the soil matrix. The latter process was found not to proceed further when the incorporation capacities of soil matrices were exhausted and equilibrium was reached (Murphy et al., 1990) .
Based on such a mechanism, an increasingly large amount of PAHs is expected to be adsorbed on soil matrices with increasing time of contact. In fact, the longer the contact time, the larger is the importance of the migration eect on adsorption of hydrophobic contaminants to soil (Weissenfels et al., 1992) . This was observed in this study when PAHs were added on the oxidized soil treated with either 0.12 or 0.18 g of HA and on the non-oxidized soil treated with 0.06 g of HA.
Conversely, the addition of 0.06 g of HA on the oxidized soil and of either 0.12 or 0.18 g of HA on the non-oxidized soil unexpectedly showed that recovery eciencies were only slightly aected by incubation times.
The hydrophobic sorption mechanism can be still used to explain these discrepancies. In fact, the number of hydrophobic sites on the soil matrix should rapidly be exhausted by the addition of 100 ml of the standard PAH solution when only 0.06 g of HA were added to the oxidized soil. Due to the absence of other accessible hydrophobic sites, the second slow migration step could not aect the recovery eciencies of PAHs. On the other hand, the addition of either 0.12 or 0.18 g of HA on the oxidized soil provided an increased number of hydrophobic sites, thereby allowing the slow migration of PAHs to less accessible hydrophobic sites within the soil matrix following the fast adsorption step. Therefore, the recovery eciencies were aected by the time of permanence of PAHs in soils.
The presence of native organic matter in the soil which was not treated with H 2 O 2 can explain the results obtained with these samples. The organic matter naturally present in the non-oxidized soil provides a larger number of hydrophobic sites (1.2% OC) than for the oxidized soil (0.04% OC). Moreover OC content was increased by 0.15% in both soils after addition of 0.06 g of HA. In these conditions, while the 100 ml of the standard PAH solution rapidly exhausted hydrophobic sites in the oxidized soil, these were still available in the non-oxidized soil. A migration of the hydrophobic PAHs to less accessible sites would have, then, occurred in the non-oxidized soil, thereby rendering time-dependent the PAH sorption on this soil. In fact, the recovery eciencies from the non-oxidized soil added with 0.06g of HA strongly decreased with increase of incubation time.
Addition of either 0.12 or 0.18 g of HA to the nonoxidized soil should have provided a larger number of hydrophobic sites than for treatment with only 0.06 g of HA. Hence, the recovery eciencies of PAHs in samples with higher amount of HA should have become more time dependent. Conversely, experimental results showed that recovery eciencies were only slightly dependent on the incubation times. An explanation could be that larger quantities of HA added to the non-oxidized soil may have been preferentially adsorbed on the existing hydrophobic sites of the native organic matter. This process is likely to reduce the hydrophobicity or the availability of the organic matter sites and, hence, the migration of PAHs, thereby lowering the eect of incubation time on their recovery eciency.
Eect of native organic matter
A comparison among the recovery eciencies found for both the oxidized and non-oxidized soils treated with progressively larger amount of HA showed that the non-oxidized soil was more eective than the oxidized soil in adsorbing the PAHs. Fig. 2 shows that the values of PAH recovery eciencies from non-oxidized samples were always smaller than those shown in Fig. 1 for the oxidized soil. Since the interactions between PAHs and soil matrices are hydrophobic, the clay±humic complexes in soil matrices are essential in stabilizing these interactions (Piccolo, 1994) . In fact, the presence of a native soil organic matter in intimate contact with inorganic soil particles is expected to increase soil surface areas and, hence, stability of hydrophobic interactions. In this study, the eect of the native organic matter could then be ascribed to an increase of surface area in nonoxidized soil. The consequence was a larger adsorption of PAHs in the non-oxidized soil and, hence, a decrease of the PAH recovery eciencies compared to those of the oxidized soil.
Conclusions
Our study indicated that the factors aecting soil sorption of PAHs are the time of permanence in soil and the amount of native soil organic matter. Moreover, the addition of dierent quantities of an exogenous humic material on oxidized and non-oxidized soils modi®ed the strength of PAH adsorption on soils. We found that sorption of PAHs on soil added with increasing quantities of exogenous HA was aected more when the soil had been previously oxidized by H 2 O 2 than for the nonoxidized soil. These results not only suggested that larger content of soil OC enhanced PAH adsorption on soil, but that addition of exogenous HA on a non-oxidized soil provided an additional number of hydrophobic sites which could vary the kinetics of PAH adsorption.
This study has shown that according to the content of native soil organic matter and of exogenous HA amended to soil, the PAH retention by soils may be controlled. Our results indicate that environmental mobility of the highly toxic PAHs may be reduced by increasing the content of humi®ed organic matter in soils.
